INTRODUCTION
============

Renal dysfunction after liver transplantation (LT) is a recognized complication that negatively impacts patient and graft survival and increases morbidity, resource utilization, and healthcare costs.^[@R1]-[@R4]^ Calcineurin inhibitors (CNIs) are the mainstay of transplant immunosuppression. Although there are multiple recipient, donor, and operative factors that contribute to development of post-LT renal dysfunction, CNIs have been implicated as one of the major causes for post-LT renal dysfunction.^[@R1],[@R3],[@R5]-[@R7]^ Data from randomized clinical trials have suggested that early renal protective strategies employing interleukin (IL)-2 induction agents to allow the delay of initiation of CNIs in the early post-LT period resulted in better renal outcomes and comparable graft survival at 6--12 months posttransplant compared with a conventional-dose tacrolimus regimen that was initiated immediately post-LT.^[@R7]-[@R9]^ Since most of these studies largely excluded LT recipients with severely diminished renal function, the role of these strategies in renal protection among such patients is not firmly established.^[@R7],[@R8]^

We examined our renal outcomes from the early model for end stage liver disease (MELD) era (2002--2008). The overall 5 year cumulative incidence of stage 4--5 chronic kidney disease (CKD) was 22% and the 1-year cumulative incidence among those with estimated glomerular filtration rate (eGFR) \<30 mL/min/m^2^ was as high as 20%.^[@R10]^ This prompted us to establish a protocol of early renal sparing immunosuppression (RSI) in 2010 for LT recipients with significant pre-LT renal insufficiency (eGFR\<30 mL/min/1.73 m^2^ or dialysis) or those who developed post-LT acute kidney injury (AKI) defined as urine output\<0.5 mL/kg/h or ≥50% increase in serum creatinine on post-op day (POD) 1. The early RSI protocol consisted of IL-2 induction with basiliximab on POD 1 and POD 4 and delayed introduction of tacrolimus until POD 4 to POD 7 with a tacrolimus trough goal of 6--10 ng/mL within the first 3 months following LT.

The primary aim was to retrospectively examine the effect of early RSI on the development of stage 4 or 5 CKD following LT. Our secondary aims were to identify risk factors associated with posttransplant stage 4--5 CKD and compare biopsy-proven acute rejection and patient survival between recipients of early RSI and standard immunosuppression (SI).

MATERIALS AND METHODS
=====================

Study Design and Patient Population
-----------------------------------

This was a retrospective observational cohort study of adult patients (≥18 y old) who underwent deceased donor LT between January 1, 2010, and December 31, 2014 at the University of Michigan Transplant Center and subsequently received a tacrolimus-based immunosuppression therapy according to the center protocol. Patients were excluded if they met at least one of the following criteria: on renal replacement therapy (RRT) \>3 months prior to LT, previous transplant, multi-organ transplant including combined kidney-liver transplant, or previous exposure to tacrolimus or cyclosporine. The patients were followed until June 30, 2017. This retrospective cohort study was approved by University of Michigan Institutional Review Board. The patients involved in this study were treated in a manner in accordance with the Declaration of Helsinki and Declaration of Istanbul.

The following information from the time of transplant were extracted from the electronic medical records: demographics including age, sex, race, height, and weight, etiology of liver disease, serum creatinine, serum bilirubin, prothrombin time/International normalized ratio of prothrombin time, serum albumin and serum sodium, laboratory MELD score at LT, pre-LT dialysis status, body mass index (BMI), diabetes, history of transjugular intrahepatic portosystemic shunt, and organ procurement and transplantation network status-1 transplant listing. From the postoperative phase, patient and graft survival, length of stay, hypertension, diabetes, and renal function variables were collected at POD 7 and then at 1 month, 6 months, 1 year, and at last follow-up. Serum creatinine, eGFR, urine output, RRT type, and duration were collected to classify both acute and chronic renal outcomes according to National Kidney Foundation kidney disease improving global outcomes (KDIGO) criteria.^[@R11],[@R12]^

Posttransplant Immunosuppression
--------------------------------

The posttransplant immunosuppression regimen for individual patients was identified by review of the medication administration record. Early RSI was defined as 2 doses of 20 mg basiliximab with initiation of tacrolimus on POD 4 or later. SI was defined as no basiliximab induction and initiation of tacrolimus on POD 0--1. Tacrolimus trough target was 6--10 ng/mL for the first 3 months after transplant and 4--8 ng/mL after 3 months for all LT recipients. During the follow-up period, if a patient's tacrolimus was switched to cyclosporine, they were included in the study.

All the LT recipients received 1000 mg of mycophenolate mofetil twice daily and corticosteroids. Steroids were tapered and discontinued by the end of the second month of LT in all but those with cirrhosis related to autoimmune hepatitis, primary biliary cholangitis, and primary sclerosing cholangitis. Mycophenolate mofetil was typically discontinued by 6--12 months of LT based upon the etiology of liver disease and the primary hepatologists' decision. Patients who experienced episodes of acute rejection had individualized adjustments of their immunosuppression, including re-initiation of corticosteroids or increased CNI trough target levels.

Renal Outcome
-------------

Outcomes including serum creatinine and eGFR, calculated using Modification of Diet in Renal Disease Study-4 equation, and dialysis status were recorded at baseline, posttransplant day 7, month 1, month 6, year 1, and last follow-up. Post-LT stage 4--5 CKD was defined as either the need for chronic RRT or eGFR using Modification of Diet in Renal Disease Study-4 \<30 mL/min/1.73 m^2^. The date of initiation of dialysis was recorded. AKI during the first 7 days following LT was graded according to the KDIGO classification: no AKI (Stage 0), Stage 1, Stage 2, or Stage 3.^[@R11]^

Renal Risk Index (RRI) Score and RRI Decile
-------------------------------------------

The RRI was derived from a cohort of 43 514 adult recipients who underwent deceased donor LT alone between February 28, 2002, and December 12, 2010. In an adjusted Cox model, 14 recipient factors at LT were independently associated with post-LT end-stage renal disease (ESRD).^[@R13]^ This RRI has been validated with a C-statistic of 0.76 (95% confidence interval \[CI\], 0.75-0.78).
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RRI score and RRI decile were retrospectively calculated using the RRI calculator (<https://rri.med.umich.edu>).

Subgroup of LT Recipients at High Risk for Developing Stage 4--5 Chronic Kidney Disease
---------------------------------------------------------------------------------------

In order to delineate the effect of immunosuppression (early RSI vs SI), we identified a subgroup of LT recipients at high risk for developing stage 4--5 CKD based on RRI decile. Our previous study showed that every decile increase in RRI was associated with *higher* risk of post-LT ESRD.^[@R13]^ Therefore, we dichotomized RRI decile at the sixth decile.

Statistical Analysis
--------------------

The continuous variables were presented as median and interquartile range (IQR), and categorical variables were presented as proportions. The primary outcome was post-LT stage 4--5 CKD. The secondary outcomes were biopsy-proven acute rejection and survival. Kaplan-Meier analysis was used to estimate the incidence of post-LT stage 4--5 CKD and 1-, 3-, and 5-year survival. Acute rejection rates were compared using Chi squared statistics. Multi-collinearity diagnostics for the independent covariates were performed using tolerance and variance inflation factor.

Cox regression analysis was performed to assess the predictors of post-LT stage 4--5 CKD. The model was stratified by immunosuppression status (early RSI vs SI). The model was adjusted for sex, etiology of liver disease, preoperative eGFR and MELD score, RRI, and AKI status.

For the subgroup analysis, we fitted 3 separate models using Cox regression analysis to examine the predictors of stage 4--5 CKD in each specific subgroup. Hypertension and diabetes were not significant in the univariate analysis; therefore, they were not included in the final model. In addition to immunosuppression status, each model was adjusted for pre-LT eGFR, post-LT AKI stage, RRT administered within first 7 days of LT, sex, and RRI score.

All analyses were conducted using IBM SPSS version 25 (IBM Corp., Armonk, NY). *P* value \<0.05 was considered statistically significant.

RESULTS
=======

Cohort Characteristics
----------------------

The characteristics of the cohort (N = 214) were shown in Table [1](#T1){ref-type="table"}. The median age of the cohort was 56 years (IQR: 49--62), 68.7% were males, 36.4% had hepatitis C, 13.6% had nonalcoholic steatohepatitis (NASH), 10.3% had alcoholic liver disease, and 7.5% had cryptogenic cirrhosis. Hepatocellular carcinoma was diagnosed in 30.4% of patients and transplantation was performed with an exception MELD score. The median lab MELD score was 17 (IQR: 12--24) and median RRI was 1.45 (IQR: 0.75--2.47) at the time of LT. The median follow-up time was 4.1 years (IQR: 2.7--5.7 y). Post-LT hypertension was present in 60% and post-LT diabetes was present in 32% of the recipients at the end of follow-up.

###### 

Baseline characteristics of the cohort
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Immunosuppression Groups
------------------------

Based upon our protocol, 121 LT recipients received early RSI and 93 received SI. Baseline characteristics in both groups were similar except for higher MELD score (*P* \< 0.001) and BMI (*P* = 0.003) at LT in the early RSI group (Table [1](#T1){ref-type="table"}). The median time from LT to tacrolimus initiation was 4 days in early RSI group and 1 day in SI group. The median tacrolimus trough levels at 1 month, 6 months, 1 year after LT, and at the end of follow-up were 7.7, 6.6, 6.2, and 5.4 ng/mL, respectively. There was no significant difference in the mean tacrolimus trough levels at 1 month, 6 months, and at the end of the follow-up between early RSI and SI groups (Table [1](#T1){ref-type="table"}). The proportion of LT recipients with post-LT hypertension (SI: 57%; RSI: 63%) and diabetes (SI: 35%; RSI: 29%) were similar in both the groups. As expected, the eGFR at LT was significantly lower in early RSI group (60.2 vs 96.4 mL/min/1.73 m^2^: *P*\<0.001).

Post-LT Stage 4--5 CKD and Evolution of eGFR Over Time
------------------------------------------------------

Thirty-six patients developed CKD stage 4--5 during a median follow-up of 4.1 years (IQR: 2.5--5.7). Only 7 of the 93 (7.5%) in the SI group developed post-LT stage 4--5 CKD compared with 29 (23.9%) in the RSI group (*P* = 0.002). The incidence rate of new-onset stage 4--5 CKD was 2% per patient-year in the SI group and 7% per patient-year in the early RSI group. A significantly higher proportion of patient in RRI ≥ sixth decile (25/106, 23.6%) developed post-LT stage 4--5 CKD compared with those in RRI \< sixth decile group (11 of 108, 10.2%) (Figure [1](#F1){ref-type="fig"}).

![Post-LT stage 4--5 CKD stratified by immunosuppression. CKD, chronic kidney disease; LT, liver transplantation; RRI, renal risk index; RSI, renal-sparing immunosuppression; SI, standard immunosuppression.](txd-5-e480-g003){#F1}

The unadjusted overall 1-, 3-, and 5-year cumulative incidence of post-LT stage 4--5 CKD was 8.6%, 13.5%, and 19.7% for the entire cohort. The unadjusted 1-, 3-, and 5-year cumulative incidence of stage 4--5 CKD in early RSI group was 14.5%, 21.5%, and 27.5%, respectively. Figure [2](#F2){ref-type="fig"} shows the adjusted cumulative incidence of stage 4--5 CKD stratified by immunosuppression status.
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A total of 55 patients met the definition of "Stage 3" on the KDIGO AKI criteria within first week of LT. Of these 55, 14 developed stage 4--5 CKD: 7 within 1 year of LT, 5 in the second year, and 2 after 2 years of LT. The median eGFR at the last follow-up was 52.2 mL/min/1.73 m^2^ in this group.

A total of 27 patients had eGFR\<30 mL/min/1.73 m^2^ at LT. Of those, only 8 developed stage 4--5 CKD after a mean follow-up of 5.4 ± 0.6 years: 4 within 1 year of LT, 1 in the second year, 2 in the third year, and 1 after 3 years of LT.

Figure [3](#F3){ref-type="fig"} showed the evolution of eGFR over time after LT stratified by immunosuppression. In the SI group, the eGFR declined significantly during the first month after LT (median eGFR 96.4 mL/min/1.73 m^2^ at LT vs 76.4 mL/min/1.73 m^2^ at 1 mo; *P* \< 0.001). This decline was not observed in the early RSI group (median eGFR 60.2 mL/min/1.73 m^2^ at LT vs 57.4 mL/min/1.73 m^2^ at 1 mo; P = NS). The eGFR in the early RSI group remained lower than that in the SI group throughout the first year post-LT, and the trend continued until the last follow-up.
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Independent Predictors of Post-LT Stage 4--5 CKD
------------------------------------------------

We knew a priori that LT recipients who met the early RSI protocol guidelines would have high incidence of post-LT stage 4--5 CKD because of the prevalent risk factors in this group (lower eGFR and RRT at LT, and higher proportion of AKI within 24 h of LT). Therefore, we stratified the model by SI and early RSI groups for the entire cohort and high risk subgroup (RRI ≥ sixth decile).

### Entire Cohort

In an adjusted stratified model, NASH (hazard ratio \[HR\] = 2.59 \[95% CI, 1.10-6.05\]; *P* = 0.029), female sex (HR = 3.31 \[95% CI, 1.69-6.46\]; *P* \< 0.001), and RRI (HR = 1.18 per unit increase in RRI score \[95% CI, 1.05-1.33\]; *P* = 0.005) were the independent risk factors of stage 4--5 CKD (Table [2](#T2){ref-type="table"}). Post-LT AKI (*P* = 0.12) and post-LT RRT within 7 days (*P* = 0.09) were not associated with stage 4--5 CKD. Compared with males, females had significantly lower eGFR (females: 62.1 mL/min/1.73 m^2^ vs males: 79 mL/min/1.73 m^2^; *P* = 0.003) before LT, despite similar serum creatinine levels (females: 1.0 mg/dL vs males: 0.97 mg/dL; *P* = 0.22) and lab MELD scores (females: 18 vs males: 17; *P* = 0.21). This difference persisted at 1 and 6 months after LT and at the last follow-up. Since the diagnosis of NASH is the leading cause of LT among females,^[@R14]^ we tested the interaction between females and NASH. We fitted a separate model to see the effect of sex by diagnosis of NASH on post-LT stage 4--5 CKD. In this model, the interaction term (Sex\*NASH) was not significant.

###### 

Independent predictors of stage 4--5 CKD
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Since every unit increase in RRI score was associated with the 18% increased risk of post-LT stage 4--5 CKD, we examined the cumulative incidence of stage 4--5 CKD by dichotomizing the RRI decile at sixth decile. The incidence of stage 4--5 CKD was significantly higher in those with RRI ≥ sixth decile compared with those with RRI \< sixth decile (Figure [4](#F4){ref-type="fig"}).
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### LT Recipients With RRI ≥ Sixth Decile

This subgroup consisted of 106 (SI: 31; RSI: 75) LT recipients. Out of 106, 25 developed stage 4--5 CKD after a median follow-up of 4.1 years (IQR: 3.1--5.4). The unadjusted 1-, 3-, and 5-year cumulative incidence of stage 4--5 CKD was 12%, 18%, and 28% in this subgroup (Figure [4](#F4){ref-type="fig"}). There was a non-significant trend towards lower unadjusted 1-, 3-, and 5- year cumulative incidence of stage 4--5 CKD in SI compared with early RSI groups (SI: 6.6%, 6.6%, and 12.4% vs RSI: 13.7%, 21.3%, and 34%, respectively; *P* = 0.12).

Female sex (HR = 4.13 \[95% CI, 1.86-9.2\]; *P*\<0.001) and RRI score (HR = 1.18 \[95% CI, 1.02-1.36\]; *P* = 0.023) were the independently associated risk factors of post-LT stage 4--5 CKD in this subgroup. This model was adjusted for immunosuppression status, pre-LT eGFR, post-LT AKI, and RRT within first 7 days of LT. None of these factors reached statistical significance.

Acute Rejection and Post-LT Survival
------------------------------------

There was no significant difference in the overall acute rejection (22.5% vs 21.4%; *P* = 0.26) and acute rejection within 1 year (15% vs 18%; *P* = 0.55) in the SI and RSI group, respectively. There was no significant difference in the proportion acute rejection by sex, race, and etiology of liver disease (data not shown).

There was a total of 42 deaths and 9 re-LT during the median follow-up of 4.1 years (IQR: 3.3--6.6). The overall 1-, 3-, and 5-year patient survival for the cohort was 92%, 84%, and 79%, respectively. There were no significant differences in 1-, 3-, and 5-year survival stratified by sex, immunosuppression protocol (RSI vs SI), and RRI ≥ sixth decile.

DISCUSSION
==========

Renal dysfunction, acute or chronic, is a major source of morbidity among LT recipients. In this cohort study, the adjusted cumulative probability of post-LT stage 4--5 CKD remained high among LT recipients with severe renal dysfunction at LT despite the use of early RSI. Female sex, diagnosis of NASH, and high RRI were the independent risk factors of new-onset post-LT stage 4--5 CKD in the SI as well as RSI group. The incidence of acute rejection and patient survival remained similar in both groups. Notably, a significant deterioration in renal function occurred during the first month of LT in the SI group despite the baseline median eGFR of 96.4 mL/min/1.73 m^2^ and use of low tacrolimus trough target of 6--10 ng/mL. This decline in eGFR was not observed in the early RSI group; however, this group started at a lower pretransplant baseline eGFR (60.2 mL/min/1.73 m^2^).

Since the cumulative incidence of post-LT stage 4--5 CKD was significantly higher among LT recipients with RRI ≥ sixth decile compared with those with RRI decile \<6, we examined the factors associated with stage 4--5 CKD among those with RRI decile ≥6 (high-risk subgroup). Female sex and every unit increase in RRI score calculated at the time of LT were independently associated with high risk of post-LT stage 4--5 CKD, regardless of immunosuppression status. These results, although requiring validation in larger dataset, have implications in risk stratification based upon RRI decile and use of personalized immunosuppression especially in female sex to attenuate the risk of CKD progression. RRI is a simple, objective, and validated tool that could be used to identify LT recipients at varying risk of developing post-LT ESRD.

There is very little guidance on RSI for LT recipients with severe renal dysfunction going into transplant. The objective of implementing an early RSI protocol for select LT recipients (delayed introduction of tacrolimus along with IL-2 induction for patients with severe renal dysfunction/AKI within 24 h of LT) was to avoid further renal injury due to high levels of tacrolimus while giving renal function time to recover from post-LT AKI.^[@R7],[@R15],[@R16]^ Many studies have shown patients with NASH have high prevalence and incidence of CKD, and patients with NASH cirrhosis needing LT are significantly increasing.^[@R17]-[@R21]^ Our study validated that the NASH LT recipients are at a higher risk for CKD progression compared with non-NASH LT recipients. The higher risk of CKD progression associated with NASH in the posttransplant setting coupled with the increase in NASH patients undergoing LT will add to the rising burden of advanced CKD among LT recipients.

Fussner et al^[@R22]^ found an association between post-LT stage 3 CKD and female sex at 1 year after LT. In the same study, females with the diagnosis of NASH were associated with stage 3 CKD within 5 years of LT. Our study found that females had a 3-fold higher relative risk of stage 4--5 CKD compared with males. Since NASH is the leading indication of LT among females,^[@R14]^ we speculated that the increased incidence of post-LT stage 4--5 CKD might be driven by NASH among female LT recipients. The interaction between NASH and sex was not significant, suggesting that the sex effect was independent of diagnosis of NASH. Moreover, female sex was also one of the independent risk factors of stage 4--5 CKD in the high-risk subgroup (RRI ≥ sixth decile). This finding highlights the role of sex as a biological factor influencing the pathogenesis of post-LT stage 4--5 CKD.

The utilization of basiliximab increased significantly after the implementation of the early RSI protocol in our institution with greater than half of the cohort receiving early RSI. This increased utilization of basiliximab is associated with a significant increase in medication costs. Using the average wholesale price for basiliximab of \$4301.22 per 20 mg dose,^[@R23]^ the cost for basiliximab induction is estimated to be \$860 200.44 per 100 patients. We believe that our data provide guidance in proactive identification of LT candidates at the highest risk for CKD progression. This would enable risk-stratified administration of RSI and hence cost saving.

Many multicenter, prospective, randomized clinical trials that examined the safety and efficacy of immunosuppression regimen (eg, IL-2 induction and delay in CNI initiation or use of low dose CNI and mammalian target of rapamycin inhibitors) excluded LT patients who had preexisting renal dysfunction.^[@R7],[@R8],[@R24]^ The DIAMOND study examined the effect of different dosing regimens of prolonged-release tacrolimus using tacrolimus trough target of 5--15 ng/mL on renal function after LT and did not exclude patients with preexisting renal dysfunction.^[@R9]^ Our RSI protocol was similar to their delayed initiation arm except that we used immediate-release tacrolimus and a lower tacrolimus trough target of 6--10 ng/mL. The rejection rates were similar in both the groups in our study cohort. This finding suggests that early RSI is safe and efficacious. However, this group had high cumulative incidence of post-LT stage 4--5 CKD. This high incidence in the early RSI group is attributed to selection bias associated with the implementation of the early RSI protocol for those who were already had compromised renal function going into LT: patients with pre-LT renal insufficiency and post-LT AKI. However, none of these factors were statistically significant in the multivariate analysis. This could be because of small sample size.

The main limitation of our study is that it is a retrospective experience from a single center, which results in the potential for bias due to unmeasured patient selection and center-specific processes. In addition, the findings of this study may not apply at centers with a different patient population. Another limitation is that our study did not examine perioperative factors, such as hemodynamic instability, prolonged use of vasopressor, post-reperfusion syndrome, blood loss/blood transfusions, or colloids used for fluid replacement given the retrospective nature. However, this is an important study to show a real-world experience among LT recipients with severe renal dysfunction, a population usually excluded from most randomized controlled trials that examine the efficacy of early renal sparing strategies.

In conclusion, post-LT stage 4--5 CKD is common and delaying tacrolimus introduction combined with basiliximab induction may not prevent stage 4--5 CKD in LT recipients who are at high risk of developing post-LT stage 4--5 CKD. Further studies are needed to identify the role of personalized renal sparing strategies based upon sex in preserving renal function among LT recipients. Use of the RRI may offer additional value in designing individualized immunosuppression protocols aimed at renal protection among LT recipients.
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